Microarrays of biomolecules and cells have played important roles in genomics, diagnostics, and drug screening. [1] Live-cell capture on micropatterned surfaces is particularly valuable for diagnostic or biosensing applications, [2] as cell arrays are amenable to rapid characterization and sorting. For example, antibody-coated micropost arrays have been used to detect and isolate rare circulating tumor cells from peripheral blood with high fidelity. [3] Microwell arrays have been used for the capture and analysis of single immune cells.
[4] While it is often important to release or sort subsets of cells from these arrays for more thorough downstream analysis (e.g. by PCR or Western blot), methods for the retrieval of specific cells from micropatterned surfaces remain limited. Electrochemical stimulation can be exploited to release cells from particular regions within micropatterns, [5] but these approaches require that cell arrays be registered with electrodes, and they can become somewhat complicated for larger arrays. Arguably, light-activated cell-release strategies provide more flexibility, particularly for retrieval from highly dense arrays. Laser capture microdissection or laser catapulting can be used to remove specific cells from micropatterned surfaces, [4a, 6] but the former approach works with fixed cells while the latter involves harsh conditions, often resulting in cell injury. Another example of light-activated cell sorting is the micropallet array developed by Albritton et al., in which cells are cultured on polymer microstructures (e.g. photoresist patterns) that can later be dislodged from the surface by laser pulses. [7] The goal of this study was to employ photocleavable hydrogels for capture and release of cells on microbeads. Hydrogels in general may be bioactive or nonfouling depending on their composition and may be microfabricated using photolithography or soft lithography.
[8] Photodegradable hydrogels have garnered considerable attention recently for tissue-engineering applications because of new possibilities for modulating matrix properties or delivering signals in 3D scaffolds. [9] However, we are only aware of one report describing the use of a photocleavable gel for cell capture and release. In this report, Yamaguchi et al. describe a hydrogel comprised of poly(ethylene glycol) connected to lipid moieties by photolabile linkers. Cells bound to lipid moieties on the gel were released upon cleavage of lipid groups by UV light. [10] In contrast, we describe the incorporation of photocleavable groups into the bulk of the hydrogel and demonstrate the capture and release of cells and beads based on photoinitiated degradation of the gel.
Micro-and nanobeads are commonly chosen as solid substrates for diagnostic immunoassays, [11] target DNA detection, [12] and cell-sorting applications [13] because of their large surface area-to-volume ratio, broad range of both coding strategies and functional surface chemistries, and ease of manipulation in microfluidic devices (acoustic, magnetic, mechanical, etc.). [14] In one example, Lam and colleagues developed the one-bead-one-compound (OBOC) combinatorial method to synthesize vast peptide libraries on polystyrene microbeads. [15] High-throughput screening of cell binding on OBOC libraries has been used to identify high-affinity peptide ligands against several cancer cell surface receptors. [16] However, sorting cell-containing beads from cell-free beads requires labor-intensive manual picking of single beads. [17] The goal of the present study was to demonstrate the use of photodegradable hydrogels for cell sorting while addressing a specific technical challenge: the screening cellmicrobead interactions.
The above-mentioned hydrogel material, herein referred to as photogel, consists of poly(ethylene glycol) (PEG) and a photolabile linker (PLL) containing o-nitrobenzyl groups, which are sensitive to near-UV light (l = 365 nm). Recently, Anseth and co-workers reported a method for photolabile crosslinker (PCL) synthesis, [18] in which o-nitrobenzyletherbased acrylate monomers were synthesized in an eight-step procedure before coupling to PEG-bis(amine). Here, we developed a novel PCL synthesis route that does not require chromatographic separation and may be accomplished in three steps : 1) Fmoc-PLL coupling to terminal amino groups of O,O'-bis(2-aminopropyl) poly(propylene glycol)-blockpoly(ethylene glycol)-block-poly(propylene glycol) 1900 (Jeffamine ED-2001), 2) removal of Fmoc groups, and 3) coupling of methacryl groups. These Jeffamine-containing products can be easily isolated in each step by ether precipitation using a liquid-phase polymer-supported synthesis method. [19] The resulting structure of the PCL is a linear sequence of PLL-methacrylate groups at both ends of Jeffamine connected by amide bonds (see Figure 1 a). The synthesized PCL was grafted with radical polymer initiators using the methacryl groups and polymerized by exposure to 420 nm UV light in the presence of an appropriate photoinitiator. Subsequent exposure to 365 nm UV light cleaved o-nitrobenzyl groups within the PCL and promoted gel degradation. As highlighted in Figure 1 b by the use of rhodamine-containing photogel and standard photolithography, degradation may occur locally, with the feature size determined by the resolution of the chrome photomask. Figure S1b in the Supporting Information highlights the flexibility of this photopatterning strategy to carry out multistep microfabrication processes whereby microstructures are first fabricated by exposure to 420 nm UV light through a photomask and then augmented by additional photodegradation steps using 365 nm UV light. Scheme 1 illustrates the fabrication of bead arrays and bead-sorting experiments detailed below.
Our bead patterning technique was inspired by microtransfer molding (mTM), a soft-lithography method whereby a polydimethylsiloxane (PDMS) mold is filled with a liquid precursor, polymerized while in contact with a substrate and then peeled off, leaving molded 3D microstructures on the transfer surface. [20] In our study, this approach was modified to enable transfer of PEG-engrafted polystyrene (PEG-PS) microbead arrays onto glass substrates precoated with photogel. Subsequently, after interaction of the bead arrays with a cell line of interest, the cell-containing beads could be retrieved by simply degrading photogel anchors using 365 nm UV light from a fluorescence microscope (Scheme 1).
One key design criterion of this system is ensuring that bead surfaces remain available for cell binding while firmly anchored onto the gel substrates. To accomplish this, we took advantage of oxygen-inhibited polymerization in PDMS molds reported by Dendukuri et al. [21] This polymerization strategy leverages the fact that PDMS is permeable to environmental oxygen, which can inhibit free-radical polymerization by forming chain-terminating peroxides. Thus, when carried out inside the PDMS mold, free-radical polymerization occurs most efficiently in regions furthest from PDMS surfaces. This phenomenon has been exploited in continuous-flow lithography to generate polymeric structures in microfluidic devices without channel congestion. [22] In our micropatterning strategy, microbeads were swollen in photogel precursor solution and then seeded into PDMS molds (shown in Figure 2 a,b) . Subsequently, the bead laden microwell arrays were brought into contact with photogel-coated glass substrates and polymerized with radical polymer initiators (see Supporting Information for polymerization details). As illustrated by the micrographs in Figure 2 c,d , only a small region of each bead was anchored to the substrate, while over 90 % of the bead surface area, corresponding to those regions more proximal to the gas-permeable PDMS, Figure 1 . Structure of PCL and photogel polymerization/degradation. a) PCL crosslinking is achieved by radical polymerization using acryl groups. Photogel is degraded by exposure of photolabile o-nitrobenzyl groups to 365 nm UV light. b) Fluorescent confocal microscopy of UVexposed rhodamine-incorporated photogel shows complete gel degradation with less than 20 mm resolution. Scale bar: 100 mm. Scheme 1. Photogel preparation and process flow for patterning arrays of microbeads for selective bead retrieval. a) PEG-PS beads are swollen with photogel prepolymer, seeded into PDMS microwells, and transferred to a previously formed 15 mm-thick photogel layer on acrylated glass by mTM. Non-uniform polymerization allows uncrosslinked prepolymer to be washed from bead surfaces. b) Microbead arrays are screened for binding activity and positive beads are isolated by degrading photogel with 365 nm UV light.
was available for cell binding after washing uncrosslinked oligomer.
We observed a tradeoff between transfer yield (i.e. photogel anchor strength) and exposed surface area of the bead, each a function of tunable fabrication conditions. For 75 mm beads with approximately 90 % surface exposure (see Figure S2 ), the combined efficiency of PDMS microwell seeding, mTM, and washing steps yielded (68 AE 11) % bead transfer from the initial 1225 PDMS microwells on a 1 cm 2 mold. The transfer yield of beads could be increased further, but at the cost of decreased surface exposure. In addition, several bead sizes (from 20 to 110 mm) were patterned with similar yield by modifying PDMS mold geometry (see the Supporting Information for detailed fabrication methods).
As a proof-of-principle demonstration of screening cellbead interactions, we mixed blank PEG-PS beads with beads containing arginine-glycine-aspartic acid (RGD) sequences prior to patterning. RGD is a primary integrin-binding motif found in extracellular matrix proteins, and numerous RGDmodified biomaterials have been developed for integrinmediated cell adhesion. [23] Cysteine-terminated, RGD-containing peptides were assembled by a thiol-reactive maleimide-PEG-NHS linker onto amine-functionalized bead surfaces, then mixed randomly with blank acetylated beads (see the Supporting Information for details). Micropatterned arrays with a 1:1 ratio of blank to RGD + beads were incubated with NIH 3T3 cells, a mouse fibroblast line that expresses RGD-binding surface receptors. These cells are notorious for binding nonspecifically to a variety of substrates and were selected for our study to emphasize nonfouling properties of the photogel and highlight specificity of the screen. 24-48 h after seeding, RGD + beads were coated with a cell monolayer, while blank beads and photogel were virtually cell free (Figure 3) . Over 99 % of the RGD + beads contained cells two days after capture. No fibroblast attachment was observed on beads labeled with nonsense (RGE) peptides (data not shown). When challenged with Hep G2 cells that do not bind to RGD, neither peptide-labeled nor blank beads contained cells (data not shown).
Experiments aimed at optimizing gel degradation (see Figure S3 in the Supporting Information for details) showed that exposure to 600W UV light (6 J cm À2 ) for 10 s was sufficient to initiate degradation of gel anchors. Using this optimized exposure, individual beads were released from the array after screening for cell binding. Figure 4 shows an example of selective, sequential release of cell-containing beads from an array (a video of bead release is provided in the Supporting Information).
A simple strategy for bead sorting was developed. After incubation with cells, beads were labeled with cell-tracker dye such that cell-containing beads could be easily identified using an upright fluorescence microscope under photogel-compatible light (l = 488 nm; Figure 4 , top panel, green beads). Collection was accomplished by placing glass substrates with bead arrays face down into a collection chamber fabricated from PDMS (see Figure S4 in the Supporting Information for apparatus scheme) and then illuminating specific bead anchors with 365 nm UV light from the microscope. Released beads then settled to the bottom of the collection chamber and could be retrieved from there. To prevent functional damage, it was important to limit cell irradiation. We have previously observed high cell viability after up to 10 min UV irradiation at the intensity used for gel degradation. [24] Further, direct exposure of cells to UV light was minimized by illuminating through the glass slide and at the focal plane of photogel anchors. Figure S5 illustrates how focusing through a microscope aperture corresponds to locally degraded regions of photogel for selective microbead release adjacent to undisturbed neighboring beads. It should be noted that with the present photogel formulation, bead release occurred approximately 1 h after exposure, likely because of disentanglement and diffusion of polymer chains after cleavage. The time to release will be further reduced in the future by decreasing the molecular weight of the photogel precursor polymer and by introducing agitation or thermal energy.
In summary, we have developed a cell-and bead-sorting approach by combining photopatternable hydrogels and microbead arrays. We described a new method for the synthesis of photogel precursors and demonstrated that the photogel acts in a manner similar to photoresist. Interestingly, the same photogel may be polymerized or degraded depending on the wavelength of the UV light and therefore combines features of both positive-and negative-tone resists. We highlighted one application of such a photogel for screening cell binding to microbead libraries. When incubated with arrays of microbeads that are partially embedded in the photogel, cells were found to attach on RGD-containing beads but not on blank beads or beads that carry nonsense (control) peptide. Minimal cell attachment occurred on a nonfouling PEG-based photogel. Beads that contained cells could then be sorted from the array simply by short exposure of the anchoring photogel to UV light through a microscope objective. Microbeads offer an advantageous reagent delivery vehicle, and our patterning technique is theoretically not limited to specific bead sizes or surface chemistries common to bead functionalization. Consequently, we anticipate that microbead patterning in photolabile hydrogels will offer a flexible platform for bead-based biological studies. More broadly, we envision micropatterned photogels described here as having many applications related to cell capture and release for screening, diagnostics, or tissue engineering.
